Protein-A-Fc-fragment complexes were observed in sedimentation-velocity experiments by ultracentrifugation. The interaction was studied by protein-fluorescence-quenching titrations of the Fc fragment with protein A, allowing the dissociation constant to be determined under a variety ofconditions. The first component ofthe complement pathway, C1, is activated by complexes of protein A with rabbit IgG (immunoglobulin G), and the structural basis for this interaction was studied by using n.m.r. (nuclear magnetic resonance). The four Fc-fragment-binding sites on protein A were shown to contain aromatic amino acids, and to be connected by mobile hydrophilic regions. Neither n.m.r. nor proton-relaxation-enhancement studies show evidence of a large conformational change of the Fc fragment on binding protein A, and this suggests that the cross-linking of the Fc fragments may be primarily responsible for the activation of component Cl. This is supported by the inability of a univalent tryptic fragment of protein A to activate complement fixation by rabbit IgG.
Protein A is covalently bound to the cell wall of Staphylococcus aureus (Sjoquist et al., 1972b) , and it can be isolated by digestion of the intact bacteria with lysostaphin (Sjoquist et al., 1972a) , followed by affinity chromatography on IgG ¶-Sepharose (Hjelm et al., 1972) . It binds to the Fc fragment of normal IgG (Forsgren & Sj6quist, 1966 ) from several species , resulting in the formation of precipitates with, for example, human IgG. With rabbit IgG, however, soluble aggregates are formed, although precipitation lines can be seen in agar gels (Forsgren & Sjoquist, 1967) . This interaction initiates biological activities which are also characteristic of antigen-antibody complex-formation, including activation of the complement series of proteins (Sjoquist & StAlenheim, 1969; Stalenheim et al., 1973) .
Protein A has been shown by hydrodynamic studies 11 Present address: School of Chemistry, University of Sydney, Sydney, Australia.
T Abbreviations: IgG, immunoglobulin G; n.m.r., nuclear magnetic resonance; Fc, C-terminal half of the H-chain dimer.
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to be a very elongated protein, with mol.wt. 43000 (Bjork et al., 1972) . By partial tryptic digestion, several low-molecular-weight fragments (6000-8000) are generated which bind to the Fc fragment, but are univalent in this reaction, as shown by the inhibition of haemagglutination of sensitized erythrocytes by protein A (Hjelm et al., 1975) . These fragments originate from four highly homologous Fc-fragmentbinding regions, each containing approx. 60 amino acid residues, and are consecutively arranged in the peptide chain (Sjodahl, 1976 (Sjodahl, , 1977a . The primary structure of the complete Fc-fragment-binding portion of protein A has been proposed (Sj6dahl, 1977b) . We have used spectroscopic techniques to study the mode of interaction of protein A with the Fc fragment, and to detect any conformational changes that may occur. Rabbit Fc fragment was chosen for the n.m.r. studies, since it forms soluble aggregates with protein A. The ability of protein A, and one of its univalent fragments, to initiate complement fixation with rabbit IgG was studied, and in particular their ability to deplete the early components of the romplement pathway.
Materials and Methods

Protein preparation
Rabbit non-immune IgG was prepared from pooled normal serum (Wilkinson, 1969) . Fc fragments with the inter-heavy-chain disulphide bond intact [Fc(S+)] were prepared as described by Dower et al. (1975) . Electrophoresis in 7 % polyacrylamide gels containing sodium dodecyl sulphate showed that the disulphide bond was intact in 80-85 % of the molecules in the Fc(S+) preparation.
pFc' fragments were prepared by digestion ofnormal rabbit IgG (20 mg/ml in 100 mM-sodium acetate buffer, pH4.5) with pepsin, at an enzyme/substrate ratio of 1:50 (w/w) for 16h at 37°C. The digest was then fractionated on a Sephadex G-75 column (90cmx 5cm) in 100mM-sodium phosphate buffer, pH6.8.
Protein A, and univalent tryptic fragments, were isolated as described by Hjelm et al. (1972) and Sjodahl (1976) (Hjelm, 1974) and four binding sites/molecule of protein A (Sjodahl, 1977a) .
Sedimentation studies
Ultracentrifugation was carried out at 20°C by using a Beckman model E centrifuge with schlieren optics and arotor operating at 52000-S56000rev./min.
Complement assays
Titration of whole complement and components Cl, C2 and C4 activities were carried out as described by Rapp & Borsos (1970) . Rabbit haemolysin was prepared from sheep erythrocyte stromata (Mayer, 1961) and the immune sera were heated at 56°C for 30min and stored at -70°C. Whole complement was prepared by bleeding normal Hartley-strain guinea pigs by cardiac puncture and allowing the blood to clot for 4-5 h at 4°C. Buffers used in complement-fixation assays, e.g. dextrose/gelatine/veronal buffer, are described in Rapp & Borsos (1970 Fig. 1 , where it is compared with a computed spectrum which is the sum of the spectra of the constituent free amino acids of protein A. Two important features are obvious in this comparison: first, a large proportion of the resonances in the protein-A spectrum coincide with the peaks calculated from the free amino acids, and, secondly, the linewidths of the resonances are much less than those usually observed for a globular protein of mol.wt. about 40000 (Dwek, 1973) . This indicates that many of the amino acid side chains are exposed to the solvent, and are able to undergo motion independently of the tumbling time of the whole protein. This is consistent with the large percentage of hydrophilic amino acid residues present in protein A (Sj6quist et al., 1972a) , which would be expected to be exposed to the solvent, and also with the proposed elongated form of the molecule (Bjork et al., 1972) . It is also noteworthy, however, that (6.5-8.5p.p.m.) and the region where methyl resonances would be expected to occur (0.5-1.5 p.p.m.).
The change of position of resonances of protein A with pH(4-11.5) is shown in Fig. 2 . Some of these titrating resonances can be assigned to particular VQI, 167 types of amino acid side chains. The application of Carr-Purcell pulse sequences (Campbell et al., 1976) indicates resonances around 6.7 p.p.m., corresponding to two protons each. Since these resonances begin to titrate at pH9, they presumably arise from tyrosine residues. This is consistent with the results of spectrophotometric titrations (Sjoholm, 1975) Fragment VI". The 270MHz proton n.m.r. spectrum of the tryptic univalent fragment VI" (1.5mm in 2H20, pH 6.9) originating from region C (Sjodahl, 1976 ) is compared in Fig. 3 with the spectrum computed from those of the constituent amino acids. It (Sjoquist et al., 1972a) , so that the tryptophan fluorescence of Fc fragment can be readily followed when protein A is added, to obtain the dissociation constant for the interaction. Fcfragment protein-fluorescence-quenching titrations were performed at pH4.5 and 7.8, in both the presence and the absence of 0.15M-NaCi. As shown in Table 1 
Complement activation
The interaction of protein A with the IgG from several species has been shown to lead to complement fixation (Sjoquist & Stalenheim, 1969) , and with human IgG this activation is known to involve the early-acting complement components (Kronvall & Gewurz, 1970; St'alenheim et al., 1973) . Since the n.m.r. studies were carried out with rabbit IgG, which produces soluble aggregates with protein A, it was necessary to show that in this system also the earlyactingcomponents are involved. Incubation ofguineapig serum as a source of complement (diluted 7-fold in dextrose/gelatine/veronal buffer; 1 ml) with rabbit IgG (50 pg) and/or protein A (5,ug) for 1 h at 37°C shows ( Table 2 ) that rabbit IgG-protein-A complexes do cause a depletion of the early complement components, as well as of whole complement activity. The addition of protein A alone to guinea-pig serum gives complement depletion, although to a lower extent than the addition of protein A and rabbit IgG together. This background extent of complement fixation is presumably due to the presence of immunoglobulins in the guinea-pig serum. The addition of rabbit IgG alone to guinea-pig serum does not cause complement fixation. The depletion of component-Cl activity by protein-A-rabbit IgG complexes suggests that component Cl interacts directly with these complexes, so that n.m.r. studies of the Fc-fragment-protein-A interaction should give information on the structural basis for component-Cl activation by the Fc region of immunoglobulins. Incubation of guinea-pig serum with rabbit IgG (100,ug) and the univalent fragment VI" (0-100,ug) does not give depletion of whole complement activity or of any of the early-acting components (Cl, C4 and C2) .
N.m.r. studies. The 270MHz proton n.m.r. spectrum of Fc fragment (1 mM) with a stoicheiometric amount of protein A (0.5 mM) at pH4.5 is shown in Fig. 4 The aromatic region of the 270 M Hz proton n.m.r. spectrum of the Fc fragment (0.2mM) in the presence of excess fragment VI" (1.4mmj is shown in Fig. 5(b) , along with the spectra of fragment VI" alone ( Fig. Sa) and the Fc fragment alone (Fig. 5d) . Sjoholm (1975) that this tyrosine residue may be involved in the site that binds the Fc fragment. However, the most notable feature of Fig. 5(c) is its marked overall resemblance to the spectrum of the Fc fragment alone, indicating that no large conformational changes occur in the Fc fragment on binding of fragment VI". This implies that the circular-dichroism changes observed by Sjoholm (1975) on the interaction of protein A and Fc fragment may arise from aromatic chromophores directly involved in the binding.
Proton relaxation enhancement. The binding of paramagnetic ions to proteins can be followed by the enhancement of the spin-lattice relaxation rate of the solvent-water protons (Dwek, 1973) . In this way the Fc fragment of non-immune rabbit IgG has been shown to have two equivalent Gd(III)-binding sites, with a dissociation constant of approx. 5AM (Dower et al., 1975 
